Variety effect on free fatty acid development and CO2 production in stored soybeans by Zagrebenyev, Dmitro
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1998
Variety effect on free fatty acid development and
CO2 production in stored soybeans
Dmitro Zagrebenyev
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agriculture Commons, and the Food Processing Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Zagrebenyev, Dmitro, "Variety effect on free fatty acid development and CO2 production in stored soybeans" (1998). Retrospective
Theses and Dissertations. 16414.
https://lib.dr.iastate.edu/rtd/16414
Variety effect on free fatty acid development and C02 production in stored soybeans 
by 
Dmitro Zagrebenyev 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Agricultural Engineering (Food and Process Engineering) 
Major Professor: Carl Joseph Bern 
Iowa State University 
Ames, Iowa 
1998 
ii 
Graduate College 
Iowa State University 
This is to certify that the Master's thesis of 
Dmitro Zagrebenyev 
has met the thesis requirements of Iowa State University 
Signatures have been redacted for privacy 
iii 
TABLE OF CONTENTS 
LIST OF FIGURES 
LIST OF TABLES 
ABSTRACT 
INTRODUCTION 
Objectives 
LITERATURE REVIEW 
MATERIALS AND METHODS 
Soybean shelling and cleaning 
Raising soybean moisture content 
Moisture content analysis 
Oil and protein content analysis 
Filling the tubes 
C02 collection system 
Correction for atmospheric air C02 
Soybean oil extraction 
Free fatty acid analysis 
DKT analysis 
Experimental design and statistical analysis 
RESULTS AND DISCUSSION 
Moisture content during the experimental run 
Oil and protein values 
C02 production 
FFA development 
DKT analysis 
CONCLUSION 
APPENDIX A. MEASUREMENT OF C02 DURING THE GRAIN 
DETERIORATION TRIAL 
APPENDIX B. RAW DATA AND DATA ANALYSIS ON CARBON DIOXIDE 
EVOLUTION DURING AERATED STORAGE 
REFFERENCES 
iv 
v 
vi 
1 
1 
2 
4 
4 
6 
6 
7 
7 
7 
9 
10 
101 
10~ 
10 
11 
11 
12 
13 
14 
22 
30 
31 
46 
52 
iv 
LIST OF FIGURES 
Figure 1. Soybean harvest and pretreatment 5 
Figure 2. C02 evolution system 8 
Figure 3. Cumulative C02 production, Variety A 15 
Figure 4. Cumulative C02 production, Variety 8 16 
Figure 5. Cumulative CO production for, Variety C 17 
Figure 6. Cumulative C02 production for 3 Varieties 18 
Figure 7. FFA production for three varieties 21 
Figure 8. Correlation of FFA production to C02 production for variety A 23 
Figure 9. Correlation of FFA production to C02 production for variety 8 24 
Figure 10. Correlation of FFA production to C02 production for variety C 25 
Figure 11 . DKT correlation to dry matter loss for variety A 27 
Figure 12. DKT correlation to dry matter loss for variety 8 28 
Figure 13. DKT correlation to dry matter loss for variety C 29 
v 
LIST OF TABLES 
Table 1. Moisture content means and standard errors of means at three 11 
sampling times , % wet basis 
Table 2. Oil content means and standard errors of means at three sampling 12 
times, % (13% me basis) 
Table 3. Protein content means and standard errors of means at three 13 
sampling times, %. (13% me basis) 
Table 4. C02 production means and standard errors of means at three 14 
sampling times, g/kg of dry matter 
Table 5. Time means and standard errors of means to reach 0.5 and 1 % 14 
DML, h 
Table 6. FFA means and standard errors of means at three sampling times , 19 
% 
Table 7. FFA increase means and standard errors of means at two 19 
sampling times, % 
Table 8. DKT means and standard errors of means at three sampling 
times, % 
26 
vi 
ABSTRACT 
Stored soybeans are subject to deterioration. Free Fatty Acid development in 
soybean oil is always known to accompany the deterioration. Storage fungi is the 
major factor causing soybean deterioration that can bring substantial losses to 
processors. Different varieties may have different resistance to the development of 
all or some fungi. 
Samples of popular soybean varieties were hand harvested and stored at 
22% moisture content and temperature 26°C. No differences were found in C0.1z_ 
evolution. Significant differences were found in FFA development among three 
varieties. 
1 
INTRODUCTION 
World production of oil crops showed a rapid increase during recent years. In 
1997 soybeans, being the largest oil crop within the United States, totaled a record 
production of 76 million Mg (2.7 billion bushels}, up 14% from 1996 and up 8% from 
the previous record set in 1994 (NASS, 1997). Dealing with rapid increases in 
production, soybean processors sometimes have to store soybeans up to a year. 
Soybeans, as any oilseed, inevitably lose some quality during the storage. This 
process at the present time is impossible to reverse or prevent; it can only be 
slowed down with proper storage and handling . 
Objectives 
The purpose of this study was to determine if differences in C02 production 
and FFA development exist among three varieties. 
2 
LITERATURE REVIEW 
For years fungi have been known to be a major problem in soybean storage. 
Milner et al. (1946) , tracking C02 production from samples of sound soybeans, 
found that a sharp increase of carbon dioxide production occurs when the moisture 
content is over 14%. They also concluded that frost-damaged soybeans showed 
considerably higher respiration rates. They attributed higher deterioration levels to 
higher fungi growth and suggested that higher deterioration of frost damaged 
soybeans occurs because of easier fungi access to nutrients that are poorly 
protected by a damaged seed coat. According to Milner's data, 13.1 % moisture frost 
damaged soybeans, stored for approximately the same time as 18% moisture sound 
Wisconsin Manchu seed soybeans, increased their oil free fatty acid (FFA) value by 
80% of the increase that occurred in 18% moisture soybeans. 
Although the recommended moisture content of soybeans is about 13% 
during storage, moisture may be higher at some points with in a soybean bulk, 
creating a potential for rapid deterioration. High temperature and relative humidity 
may increase the problem. It is known that fungi grow actively at relative humidities 
greater than 75%. If conditions become favorable for fungi growth during storage or 
transportation, spoilage may occur even with soybeans below a 14% average 
moisture content. 
Mbuvi et al. (1989), researching physical properties of soybean seeds 
damaged by fungi, showed that breakage susceptibility is significantly higher for the 
seeds damaged by fungi , compared to sound seeds. This leads to a potential 
3 
increase of damage during handling, which, in turn, exposes more nutrients to new 
colonies of fungi . 
Lisker et al. (1985) suggested that fungi are the main factor responsible for 
the increase of FFA. Trawatha et al. (1989), studying the relationship of soybean 
seed quality and increases in FFA during storage, suggested that FFA may 
contribute to seed deterioration by disrupting membranes and/or by toxicity of 
subsequent peroxidation products. 
Factors that affect soybean storage (frost damage, field and storage damage, 
high breakage susceptibility, high moisture content) have been researched before. 
These factors often are the cause of an economic loss to processors. 
Research on several varieties of corn showed that there are differences in 
storability among corn hybrids. Moreno-Martinez and Christensen (1971) pointed out 
that inherent differences may exist among varieties and lines of corn in susceptibility 
to invasion by, and damage from, storage fungi. Stroshine et al. (1986) in a study of 
nine corn varieties, found that genetic differences among the hybrids exist, affecting 
corn breakage susceptibility, drying rate and resistance to fungi. These findings 
were supported by Friday et al. (1989) who showed the existence of significant 
differences in storability among the corn hybrids during C02 evolution tests. 
In the case of soybeans, no information was found on the storability 
properties of different varieties. 
4 
MATERIALS AND METHODS 
Soybeans used in the study consisted of three varieties recommended for 
use in central Iowa. They were grown at the Iowa State University Agronomy and 
Agricultural Engineering Research Center, 15 km west of Ames and were harvested 
at an average moisture content 8.5% on September 30, 1997. Pods of the varieties 
A and C were hand harvested from different plot locations by two people. Variety B 
was harvested by one person and the same harvesting technique was kept (Fig . 1). 
Soybean shelling and cleaning 
Harvested pods were run through an Almaco soybean sheller, which 
employed the rubbing motion of two belts moving at a different speeds for shelling. 
Distance between belts was adjusted so that about 10% of the soybean pods were 
left unshelled after one pass. This fact indicates that the shelling force on the 
soybean pods was very low and suggests that damage to the soybeans is 
comparable to that due to hand shelling. 
The first step of cleaning was provided by the Almaco fan which , being set on 
maximum speed, removed all straw material and pods but failed to remove small 
and immature seeds. During cleaning with a Carter Day Dockage Tester (Model 
XT3) unshelled pods went over an 8-mm (20/64-in) round hole sieve, and a small 
amount of foreign material and immature seeds went through the 4-mm (10/64-in) 
slotted sieve. There were no splits in a pan under the lower sieve which indicates 
that soybean damage was minimum. The handling, shelling and cleaning machines 
were not sterilized; therefore contamination with fungi spores was likely but 
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6 
assumed uniform among the varieties because each variety was handled through 
each piece of equipment in the same manner. 
Raising soybean moisture content 
To accelerate deterioration and shorten test time, soybean moisture content 
was raised to 22% (Fig. 1 ). The complete sample of soybeans was split into two 
2500-g subsamples. Moisture content was raised by direct addition of water into 
plastic bags containing the soybeans. Water addition was accomplished in 5 steps, 
raising moisture content by 2 to 3 points during each step. Soybeans were mixed in 
a bag for 30 s after each addition. Soybeans and distilled water used were stored at 
3 to 5 C for 3 to 17 h between each step. After the last batch of water was added, 
soybeans were kept in a cooler for 5 h and the total time in a cooler reached 36 h. 
Even though the total amount of water needed was split into five portions to 
minimize damage to the seed coat, soybeans did temporarily shrivel after each 
addition. Absence of water on the bottom of the bag and on the inside wall of a bag 
above the surface of the soybean bulk after removal from the cooler between the 
additions indicated that all added water was absorbed. 
Moisture content analysis 
Samples of soybeans, weighing 10 to 12 g were used for determination of the 
moisture content by the hot-air oven test (6 h at 130 °C). Soybeans were placed in 
steel can that were placed onto the upper shelf of the oven as close as possible to 
the oven temperature sensor. 
1 
7 
Oil and protein contents analysis 
Oil and protein contents were determined with a Tecator lnfratec 1229 Grain 
Analyzer at Iowa State University Grain Quality Research Laboratory, Ames, IA. 
Filling the tubes 
Soybeans were split into 800-g batches and poured into 90-cm by 50-mm 
diameter glass tubes, closed on the ends with stoppers. A layer of glass wool was 
placed between each stopper and the soybeans to improve air distribution. Tubes 
were previously sterilized at 120 C for at least 20 min. A soybean tube was an 
experimental unit for our experiment and all treatments during the experimental trial 
were performed on experimental units. 
C02 collection system 
A preservation system similar to that described by Aljinovic et al. (1995) , 
Dugba at al. (1996), and Rukunudin et al. (1997) was used . The system for the C02 
trial consisted of three sections (Fig . 2). 
a) The aeration section included an environmental chamber and the glass tubes 
containing soybeans. 
b) The water absorption section consisted of plexiglass tubes filled with drierite, a 
water absorbing compound. 
c) C02 collecting section consisted of a set of plexiglass tubes, having their top 
parts filled with sulaimanite and bottom parts filled with drierite. Sulaimanite is a 
powdery mixture of vermiculate particles impregnated with pottasium hydroxide 
solution and vacuum dried at 172 kPa, 80 °C for 24 h. The tubes in each section 
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9 
were 90 cm long and 50 mm in diameter, closed from both sides with one-
hole rubber stoppers. Glass wool was placed into each tube between the 
stopper and the compound within tube. 
Tygon tubing connected each soybean tube in the aeration section with a 
drierite tube in the water absorption section which, in turn, was connected to a tube 
in the C02 absorption section. Gast 27866 vacuum pump pulled air through the 
system. Flow meters (Matheson Model PM-10226) and valves for flow adjustments 
were installed in each line between the sulaimanite tube and the pump. Flowmeters 
were all calibrated to one standard flowmeter of the same model to insure uniformity 
of airflow through all samples. 
Air in the environmental chamber was maintained at 95% RH , 26 °C 
throughout the experiment. The airflow rate was set at 0.45 m3/min/Mg (0.4 cfm/bu) . 
Air carrying out C02 produced by deteriorating soybeans was stripped of moisture in 
the section 2. Section 3 collected all the C02 present in the air. Tubes containing 
both sulaimanite and drierite were weighed every two days. The weight increase 
was a direct measure of C02 collected during the period. Tubes in sections 2 and 3 
were periodically changed as required. 
Correction for atmospheric air C02 
Five airlines not connected to soybean tubes were operated to collect 
atmospheric C02 out of air drawn from the environmental chamber. The average 
reading of five tubes over the storage period was subtracted from the reading of 
10 
each line collecting C02 from soybeans, thus giving the carbon dioxide weight 
produced by each soybean sample. 
Soybean oil extraction 
Samples of soybeans taken at the beginning of the trial, at first sampling (540 
h) and at second sampling (997 h) were air dried and ground to a fine powder in a 
Magic Mill Ill flour mill. The time of the second sampling was also the end of the 
experiment. Oil was extracted from the samples as specified in AOCS Official 
Method Aa 4-38. (AOCS 1989). 
Free fatty acid analysis 
FFA content of the oil samples was determined using a revised version of 
AOCS Official Method 5a-40 (AOCS 1989) for determination of free fatty acid in 
soybean oil (Rukunudin et al. 1998). This procedure involves titration of the oil 
sample with a standard sodium hydroxide solution. 
DKT analysis 
150-g samples of soybeans were taken to Central Iowa Grain Inspection 
Service, Inc., Des Moines for DKT analysis. 
Experimental design and statistical analysis 
A completely randomized experimental design was employed. Six 
replications of the three treatments were randomized according to location inside the 
chamber and location on a supporting rack. 
Statistical analysis included tests for the effects of variety on C02 production 
and FFA development. 
11 
RESULTS AND DISCUSSION 
Moisture content during the experimental run 
Table 1 shows moisture contents for varieties A, B and C at the beginning of 
the trial (0 h), and at the time of first and second samplings (540 and 997 h). Each 
moisture reading was an average of 3 samples drawn from each replication of a 
treatment for the moisture test. Standard errors for 0 h are not presented since 
soybeans of each 
Table 1. Moisture content means and standard errors of means at three sampling 
times, % wet basis 
Variety Oh 540 h 997 h 
Variety A 22.0 22.1 ± 0.4 23.2 ±. 0.7 
Variety B 22.1 21 .7 ± 0.4 24.1 ± 0.8 
Variety C 21 .8 21 .6 ± 0.4 24.1 ± 0.7 
variety (treatment) were stored in a single bag and were not split into 6 replications 
at the time of the moisture test, therefore one reading was taken for each variety. At 
540 and 997 h one reading was taken for each of 6 replications of the variety. Initial 
variability of the moisture content was due to the variability created during the 
process of water addition. The variability in the moisture content among the 
varieties at 540 and 997 h could be attributed to the experimental set up. Statistical 
12 
analysis showed no significant differences in moisture content among the varieties 
at the time of first or second sampling. This provided good foundation for the 
comparison of C02 production among three varieties. 
The moisture content decrease for varieties B and C at the time of the first 
sampling was due to lower relative humidity air being bled into the air line feed ing 
soybean samples. Soybeans gradually gained 1 to 2 points moisture toward the 
end of the trial perhaps partially due to fungi mycelium which has a higher 
equilibrium moisture content than soybeans, being subjected to the air of the same 
relative humidity. 
Oil and protein values 
Tables 2 and 3 show oil and protein values at 13% moisture basis at the 
beginning of the experiment (0 h) and the two sampling times (540 and 997 h). 
Standard deviations at 0 h are not presented since a single sample for each variety 
was drawn for oil and protein analysis before soybeans were split into 6 replications. 
Table 2. Oil content means and standard errors of means at three sampling times, 
% (13% me basis) 
Variety Oh 540 h 997 h 
Variety A 18.6 18.6 ± 0.1 18.7 ± 0.1 
Variety B 19.2 19.0 ± 0.1 19.1 ± 0.1 
Variety C 19.9 19.7±0.1 19.5 ± 0.1 
13 
Table 3. Protein content means and standard errors of means at three sampling 
times, %. (13% me basis) 
Variety Oh 540 h 997 h 
Variety A 34 .3 33.8 ± 0.3 32.7 ± 0.1 
Variety B 34.5 33.5 ± 0.3 33.2 ± 0.1 
Variety C 33.3 32.5 ± 0.3 32.3 ± 0.1 
LSD 0.99 0.26 
Statistical analysis conducted for 540 and 997 times showed a significant difference 
among three varieties. Variety A showed the lowest oil content and differed from 
variety C by one point, which was the highest difference in oil content. The highest 
difference in protein between any two varieties was 1.3 points. These differences 
assumed to be too small to effect fungi development in any way. 
C02 production 
Average values of the total C02 production , g/kg of dry matter, for three 
varieties at 540 and 997 h are presented in Table 4. Times required to reach 0.5 
and 1 % dry matter loss are shown in Table 5. The curves describing deterioration 
process are presented on Figures 3, 4 and 5; Figure 6 shows relative C02 
development for three varieties. Statistical analysis showed no differences among 
the varieties in time required to reach 0.5 and 1 % DML. This indicates that all the 
varieties deteriorate at the same rate and none of the varieties showed significantly 
14 
Table 4. C02 production means and standard errors of means at three sampling 
times. g/kg of dry matter 
Variety 0 h 540 h 997 h 
Variety A 0 7.1 ± 0.6 15.0 ± 1.6 
Variety B 0 8.2 ± 0.6 18.7 ± 1.8 
Variety C 0 7.9 ± 0.6 18.0 ± 1.6 
Table 5. Time means and standard errors of means to reach 0.5 and 1% DML. h 
Variety 
Variety A 
Variety B 
Variety C 
0.5 % 
567 ± 34 
500 ± 38 
542 ± 34 
1 % 
946 ± 66 
704 ± 57 
930 ± 50 
higher or lower resistance to the development of common strains of storage fung i. 
FF A development 
The averages of oil FFA content at the time of the beginning of the 
experimental trial (0 h), first and second samplings (540 and 997 h) are presented in 
Table 6. Three samples of oil per replication were drawn for FFA analysis and the 
average of the three tests was the FFA level for each replication. At 0 h soybeans 
were not split into replications and three samples per variety were drawn for FFA 
analysis. The average of these samples showed FFA levels for the variety at O h. 
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Table 6. FFA means and standard errors of means at three sampling times, % 
Variety 
Variety A 
Variety B 
Variety C 
0 h 
0.29 
0.21 
0.16 
540 h 
0.24 ± 0.03 
0.38 ± 0.03 
0.40 ± 0.03 
997 h 
0.56 ± 0.11 
0.77 ± 0.12 
1.20 ± 0.11 
Since soybeans at 0 h were not split into the replications single FFA value for each 
variety was obtained and standard deviations for 0 h are not present. At the 
beginning of the trial , variety C, visually defined as the most sound soybeans, 
showed the lowest FFA content of 0.16% (Fig 7). Variety 8 showed the second 
highest value of 0.21 % FFA and Variety A was the highest (0.29% FFA). 
Table 7 shows values of increases of oil FFA at the time of first and second 
sampling . An LSD test (Table 7) on values of FFA increase showed a significant 
Table 7. FFA increase means and standard errors of means at two sampling times, 
% 
Variety 540 h 997 h 
Variety A -0.06 ± 0.0 0.27 ± 0.12 
Variety B 0.10 ± 0.03 0.48 ± 0.12 
Variety C 0.25 ± 0.03 1.06 ± 0.12 
LSD 0.08 0.30 
20 
difference in FFA content among the three varieties for the first sampling. For the 
second sampling no significant difference was detected between the varieties A and 
B, but they were both significantly lower than variety C. 
At the time of first sampling varieties B and C showed an increase in FFA 
values but variety A actually decreased by 0.06. By the time of second sampling all 
the varieties experienced increase in FFA value. Nagel and Semeniuk (1947), 
inoculating corn with pure cultures of 9 species of fungi , showed that some species 
(Aspergillus niger or A. Amstelodamy) contributed to a significant decrease in FFA. 
Goodman and Christensen (1952), grew cultures of four species of fungi on corn 
meal with added oil. They found that all species caused an increase in fatty acids in 
the meal containing oil , but after having reached a peak value the acidity decreased. 
A possible explanation for the decrease in FFA for the variety A could be the rapid 
development of a specie of fungi that caused a reduction in FFA development 
during the time up to the first sampling. Then it could lose its dominance to another 
species of fungi that increased FFA values by the end of the experiment. At the time 
of first sampling, variety A, starting with the highest initial value of FFA, showed the 
lowest value of 0.24% FFA. The other two varieties redistributed with variety C 
having the highest level of FFA developed 0.4% and Variety B between the other 
two with 0.38%. This order was kept at the time of a second sampling. These data 
contradict the expectancy for variety C, being the most sound and having the lowest 
initial FFA content, to have at least equal or lower FFA developed. This allows a 
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conclusion that there is a difference in FFA production that may be attributed to the 
effect of variety. 
Fig 8,9, 10 show the correlation between C02 evolution and FFA produced. 
The linear model sufficiently fits the data for each of the three varieties with R2 = 
0.74 for variety A and B and 0.89 for variety C. This high correlation suggests that 
fungi could be the cause of FFA development. 
DKT analysis 
Table 8 shows DKT values for three varieties at the beginning of the 
experimental run and DKT means with standard errors at two sampling times. 
Varieties A and C showed an increase in DKT levels , DKT level increased at the 
time of the first sampling for variety B and did not change by the time of the second 
sampling . Statistical analysis showed no differences in the DKT levels among the 
varieties. There was no apparent relationship between DKT and dry matter loss, as 
can be seen from the Figures 11 , 12, 13. Large standard error is present for the 
times of the first and second samplings, which could be explained by the subjectivity 
of the DKT test. 
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Table 8. DKT means and standard errors of means at three sampling times, % 
Variety Oh 540 h 997 h 
Variety A 0 0.1 ± 0.1 0.7 ± 0.2 
Variety B 0 0.2 ± 0.1 0.2 ± 0.2 
Variety C 0 0.3 ± 0.1 0.8 ± 0.2 
LSD 0.31 0.61 
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CONCLUSION 
Three varieties, receiving the same treatment from the time of the harvest 
until the end of the C02 evolution trial showed the same rate of C02 production 
which is an evidence of similar deterioration rates. For the three varieties FFA 
development differed among varieties. Variety C, the most sound variety with the 
least initial FFA showed the highest level of FFA at the end of the experiment. We 
attribute this difference in FFA production to the genetic difference among the 
varieties. 
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APPENDIX A 
MEASUREMENT OF C02 DURING A GRAIN 
DETERIORATION TRIAL 
32 
ABSTRACT 
The moisture absorbing compound, magnesium perchlorite (Mg(CI04)2), was used 
in a method for carbon dioxide measurement developed by Al-Yahya. A new 
method with drierite as moisture absorbing compound were proposed. Two designs 
for the new method (with and without magnesium perchlorite) was tested and 
compared with the control , Al-Yahya's method. Findings showed no statistically 
significant differences for any models at all three levels in the comparison with the 
control. The is an indication that the new method may be a better C02 measuring 
method than the control. New method can be used safely for C02 if its total weight 
does not exceed 30 to 40 grams. 
INTRODUCTION 
Carbon dioxide (C02) is the universal product of all living organisms. Living 
organisms in a mass of grain (viable grain kernels, fungi , bacteria, insects, mites, 
and possibly other organisms) are carrying on respiration , the biochemical oxidation 
of organic nutrients. Respiration is often modeled for the entire mass of grain by 
combustion of carbohydrate: 
C6H120 6 + 602 ==> 6C02 + 6H20 + 2834 kJ 
In this reaction , C02 , H20 and heat are produced. In laboratory studies, 
measurement of C02 evolved is often used to gauge progression of a reaction like 
grain deterioration. 
33 
C02 Measurement 
Numerous methods have been used for C02 measurement on laboratory and 
production scales. Below are presented descriptions and evaluations of applicability 
of such methods. 
Colourmetric method 
Colourmetric methods are among the traditional methods of C02 
measurement. When gas containing C02 is brought into equilibrium with sodium 
bicarbonate solution, pH is the measure of the concentration of C02. When 
combined with a spectrophotometer, the pH, and hence C02, can be measured on a 
continuous basis . 
Katharometer 
The behavior of the katharometer reflects the thermal conductivity of the gas 
which is passing through it. Within the katharometer are four resistors that form a 
Wheatstone bridge. Two of the resistors are exposed to the reference gas, and two 
to the sample gas. The katharometer uses the property of a Wheatstone bridge to 
change current flowing through galvanometer due to the change of the 
concentration of the sample gas (Dixon and Douglas (1989)) . 
Magnetic mass spectrometer 
The basic principle of mass spectrometry is the separation and registration of 
ionic masses. The sample is ionized by electronic bombardment, and the ions, with 
the mass to charge ratio (m/z) , are accelerated by an electronic field through a 
series of slits to form an ion beam. This beam is then deflected by a magnetic field , 
l 
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H, according to m/z. Ions of different m/z can be focused on a detector and 
measured (Dixon and Douglas (1989)). 
Gas liquid chromatography 
In gas liquid chromatography, a sample is introduced into a stream of carrier 
gas (the mobile phase) and is swept through a chromatographic column which 
contains a stationary phase. After introduction into the column, the sample 
components are allowed to distribute between the stationary and mobile phases 
according to their partition coefficients. Wood (1992) used a chromatograph to 
measure C02 concentration for determination of microbial activity in the unsaturated 
zone. 
Infrared Gas Analyzer 
An optical method, an Infrared Gas Analyzer (IRGA), is used for C02 
measurement. The absorbency of IR radiation by a gas (mixture) is proportional to 
the mass of absorbing molecules in the light path and, therefore, proportional to the 
absolute pressure of the gas in the analysis cell. Naganawa (1989) designed an 
automatic set-up using IRGA and a personal computer for continues measurement 
of C02 evolution from multiple samples of soil and used it for estimation of microbial 
soil activity. Ireland (1988) constructed an integrated portable apparatus for the 
simultaneous field measurement of photosynthetic C02 and water vapor exchange 
where an infra-red analyzer was used to measure C02 exchange. Doud and Searle 
(1989) used an IR analyzer for C02 measurement during on-line monitoring of 
brewery fermentation. 
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Fiber optics 
Through the fiber optics probes, ambient C02 controls the pH of a 
bicarbonate buffer solution, contained within a membrane, which then influences the 
optical transmittance of a colourimetric pH indicator. One fiber carries light to the 
buffer/indicator solution, and a second fiber carries the transmitted signal to a 
receiver which converts the signal to an electrical output. 
Orsat apparatus 
Other traditional methods of measuring C02 involve the passage of a 
measured stream of gas through absorbents followed by gravimetric or volumetric 
measurements. Such a method was employed in the Orsat apparatus in which the 
change in volume, at constant pressure, of gaseous sample, following the removal 
of C02 by its absorption into KOH, was measured and corresponded to the pC02 . 
As ca rite 
Steele (1967) used ascarite to estimate C02 produced by corn deterioration. 
Ascarite, which absorbs C02 , is a substance produced by absorption of sodium 
hydroxide onto asbestos. 
Sulaimanite 
Al-Yahya (1991) developed a replacement for this material, which he called 
sulaimanite. Sulaimanite is produced by absorption of a 50% (w/w) solution of 
aqueous potassium hydroxide onto vermiculite and placed into hermetically sealed 
tube. KOH , the active ingredient of sulaimanite, is uniformly deposited onto 
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vermiculite granules, allowing a large reactive surface area which facilitates the 
following reaction: 
2KOH + C02 ~ K2C03 + H20 
Magnesium perchlorate Mg(CI04) 2 is placed into the same tube to absorb 
water produced by the reaction and original water from the aqueous solution carried 
out with the air stream. In this way a change in tube weight gives direct readings of 
C02 trapped. 
This method of C02 measurement shows reliable and accurate results and 
has been successfully used by Dugba (1996) and Rukunudin (1997). However cost 
of materials makes every experiment quite expensive. The size of the tube used 
(29x457 mm) is quite small and frequent refilling with a new chemical makes the 
procedure time consuming . Increasing the size of the tube could solve this problem 
but it appears to be problematic. Mg(CI04) 2 , saturated with water, changes from a 
granuled to a more solid state, which reduces and sometimes cuts off the airflow. All 
used Mg(CI04) 2 has to be discarded which raises ecological concerns. 
OBJECTIVE 
The purpose of this study was to define whether sulaimanite in combination with the 
drierite, used as a substitute of Mg(Cl04) 2 , showed adequate results in a C02 
measurement system. The study also was intended to check whether an increase in 
the amount of sulaimanite and drierite in a tube has any negative effects on 
accuracy of C02 readings. 
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MATERIALS AND METHODS 
The C02 measuring unit described by Al-Yahya (1991) was used as a 
control. Two factors of interest that were considered in the experiment were two 
tube designs (with and without Mg(C104) 2 and three different volumes of chemicals 
which constituted 6 treatments that were tested against the control. A total of 21 
replications were used in the experiment: three replications of six treatments and 
three replications of the control. 
Unit for C02 Measurement. 
The idea incorporated in the design of the new unit for C02 measurement is 
the one proposed by Sulaiman Al-Yahya, where drierite was substituted for 
Mg(CI04 ) 2 • Tubes 60 mm in diameter and of three different lengths, 305, 610 and 
915 mm, were used in the experiment. In this paper tubes of these three different 
lengths will be referred to as size one, two and three, respectively. The weight of 
chemicals placed into the tubes is listed in Table 1. 
To test the second factor (Mg(C104 ) 2 vs no Mg(C104 ) 2 , 29x147-mm tubes 
filled with Mg(CI04 ) 2 were attached to the major tube so both tubes could be 
weighed together as one unit. The order in which factors were assigned to the 
treatments is presented in Table 2. All tubes were enclosed with one-hole rubber 
stoppers. Glass wool was placed in each tube between chemicals and rubber 
stoppers to achieve better air distribution. 
Air C02 and C02 produced by deteriorating corn were used for the 
experiment. The apparatus similar to one described in Rukunudin (1997) was used 
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for the experiment with several modifications. It incorporates sample storage and 
aeration, dehumidification and C02 absorption. 
The air, maintained at constant 95% relative humidity and a temperature of 
30°C in an environmental chamber, was pulled by a vacuum pump in parallel 
through four 914-mm tubes filled with corn . After passing through corn samples, air 
was combined and mixed in a mixing chamber and redistributed among seven 
individual tested units (6 treatments and control). Prior to entering the C02 
measuring unit, air was dehumidified by passing it through the column of drierite and 
through a second column half filled with Mg(CI04) 2 and half filled with drierite, placed 
in series after the first column. 
During the process of aeration, chemicals placed in the tube were gradually 
changing in appearance. While sulaimanite was reacting with C02 and losing its 
initial moisture, its color was changing from dark brown to light brown (it was getting 
a dry look). Mg(C104) 2 and drierite were becoming saturated with moisture. With 
saturation, Mg(CI04) 2 was changing its color from light white to darker white (getting 
a wet look) and indicating drierite mixed with the plain drierite was changing its color 
from blue to pink. The run was periodically stopped and the weight of all the tubes 
was measured at the time when less than 29 mm of either wet sulaimanite, dry 
Mg(C104) 2 or blue drierite was left in a any of the tubes. The experimental run was 
terminated when chemicals inside the 915-mm tubes had been used up. By the 
termination time of the experimental run, the control and 305 mm tubes were refilled 
three times and the 610-mm tubes were refilled once. 
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EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS 
The experimental design used was a Randomized Complete Block Design. 
Three replications of the 6 treatments and the control were blocked according to 
mixing chambers and location tubes on a rack. 
Statistical analysis included tests for the effects of Mg(CI04}i, tube size and 
their interaction. The Dunnetts procedure was used to test treatment means against 
the control. A GLM procedure was used to analyze two factors (size and 
experimental design). 
RESULTS 
C02 production for the treatments 1 through 6 and the control are given in a 
Figure 1. Table 3 displays 6 treatment means compared using Dunnets procedure. 
None of the 6 treatments tested showed statistically significant difference in the 
comparison with the control. 
Tables 4 and 5 show means of two factors (tube length and experimental 
design) along with their standard error values. Analysis of two factors tested showed 
that there is no difference among three sizes and between two designs (with and 
without Mg(C104 ) 2 • 
Although the absorption capability of the drierite is lower than that of 
Mg(C104 ) 2 , the findings indicate that absorption efficiency of these two chemicals is 
the same and drierite can be used as substitute for Mg(Cl04) 2 . 
r 
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DISCUSSION 
The findings support the hypothesis that the proposed model for C02 
measurement gives consistent and accurate readings in comparison with the 
apparatus introduced by Al-Yahya, which was used as a reference method. Findings 
also support the hypothesis that size of the tube (amount of the chemicals) does not 
show any significant effect on readings. The model design with Mg(CI04 ) 2 does not 
affect apparatus readings compared to designs without Mg(C104) 2 . 
Although none of the 6 treatments showed significant difference in a 
comparison with control, there is a clear indication that this difference increases with 
time. All of the 6 treatments showed higher readings of C02 than the control and the 
increase in reading was indicated with the increase of the amounts of chemicals. 
This can be explained by the decrease of C02 and water loss due to the lower air 
velocity in a larger diameter tubes in the proposed apparatus. Lower air velocity 
allows a higher rate of C02 reaction with KOH and better absorption of water by 
drierite. With time, when largest portion of both chemicals is decayed, C02 and 
water loss are increased. Increasing amounts of chemical delays this time and 
increases efficiency of the C02 absorption. 
Findings of the research suggest that the new design can be used as a 
reliable method for C02 measurement when total C02 production is less than 30 to 
40 grams. Further research may be needed to check the accuracy of the new 
method when total C02 production over 40 g. 
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It is advantageous to use a larger tube with larger amounts of sulaimanite 
and drierite. It reduces losses of C02 and water and requires less manual work to 
run the apparatus. 
CONCLUSIONS 
The conducted study shows that drierite can be a reliable substitute for 
Mg(Cl04) 2 in the apparatus for C02 measurement introduced by Al-Yahya. It is 
preferable to use the tube of a greater size for C02 measurement with it's larger 
amount of sulaimanite and drierite. The absorption efficiency of drierite is very high 
and the addition of the smaller tube with Mg(Cl04h has no effect. The new design 
can be safely used for C02 measurement when total weight of C02 does not exceed 
40 g. 
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Table A 1. Weight of chemicals in each tube, g 
Size 1 Size 2 Size 3 
Sulaimanite, g 65 130 195 
Drierite, g 440 880 1320 
Table A2 . Experimental design (2x3 factorial) 
Size 1 2 3 
TRT5 TRT4 TRT 1 
Without Mg(Cl04h TRT6 TRT3 TRT2 
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Table A3 . Comparison of means with control using Dunnets procedure for three 
times, g. 
Time, h 75 171 218.5 
TRT Mean Pr>ITI Mean Pr> ITI Mean Pr> ITI 
HO: HO: HO: 
Control 5.35 13.49 17.62 
1 4.96 0.7176 13.7 0.9999 18.49 0.9656 
2 5.2 0.9941 14.69 0.6656 19.62 0.5741 
3 5.17 0.9853 13.27 0.9998 17.79 1.0000 
4 5.17 0.9865 14.39 0.8568 18.7 0.9492 
5 5.08 0.9165 13.77 0.9995 19.02 0.7984 
6 5.05 0.8760 13.27 0.9998 17.54 1.0000 
Table A4 . Means and Standard Errors for Three Sizes at 3 Time 
Time, h 75 171 218.5 
Size Mean Standard Mean Standard Mean Standard 
error error error 
1 5.07 0.165 13.52 0.52 18.28 0.67 
2 5.17 0.165 13.83 0.52 18.25 0.83 
3 5.08 0.165 14.19 0.52 19.06 0.67 
44 
Table AS. Means and s.e.'s for two experimental designs at three times 
Time, h 75 171 218.5 
Time, h Mean Standard Mean Standard Mean Standard 
error error error 
With Mg(C104) 2 5.14 0.13 13.74 0.42 18.37 0.59 
Without Mg(C104) 2 5.07 0.13 13.95 0.42 18.68 0.59 
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APPENDIX B 
RAW DATA AND DATA ANALYSIS ON CARBON DIOXIDE 
EVOLUTION DURING AERATED STORAGE 
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Table 81 . Cumulative C02 production from soybeans for variety A (including air C02) , g. 
Time, h Rep 1 Rep2 Rep3 Rep4 Reps Rep6 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
37.00 0.87 0.88 0.77 1.10 1.02 0.67 
84.50 1.26 1.82 1.62 1.68 1.94 1.60 
142.00 2.31 3.20 2.90 3.15 3.43 2.82 
205.00 4.01 5.14 4.83 5.22 5.45 4.73 
262.50 5.61 7.07 6.77 6.97 7.45 6.51 
311 .50 6.77 8.32 8.14 8.18 8.69 7.77 
358.25 8.26 9.70 9.78 9.57 9.76 9.12 
406.75 9.98 11 .29 11 .19 10.97 11 .36 9.87 
469.25 11 .51 12.36 14.52 12.74 13.02 11 .53 
540.00 13.66 14.63 16.41 14.94 15.31 13.78 
626.00 15.46 16.29 18.39 16.70 16.96 15.75 
718.25 17.63 18.29 20.76 18.27 18.54 17.29 
782.00 19.07 19.27 22.28 19.60 20.13 18.82 
906.00 22.26 21 .79 25.69 21 .85 23.69 22.25 
997.00 24.46 23.57 28.21 23.44 26.93 24.83 
1076.00 26.72 25.30 30.76 25.22 29.68 28.43 
Table 82. Cumulative C02 production from soybeans for variety 8 (including air C02) , g. 
Time, h Rep 1 Rep 2 Rep 3 Rep4 Rep 5 Rep 6 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
37.00 0.86 0.57 0.92 0.82 1.25 0.91 
84.50 1.84 1.41 2.11 1.54 1.96 1.71 
142.00 3.35 2.91 3.46 2.99 3.41 3.31 
205.00 5.35 5.20 4.82 4.87 5.45 5.30 
262.50 7.07 7.01 6.99 6.52 7.16 6.77 
311 .50 8.32 8.11 9.49 7.74 8.35 7.96 
358.25 9.64 9.48 11 .02 9.04 9.72 9.46 
406.75 11 .17 11 .05 12.66 10.47 11 .70 11 .09 
469.25 12.87 12.52 14.65 11 .80 12.76 12.69 
540.00 15.25 14.56 17.10 13.99 14.14 14.71 
626.00 17.02 16.33 19.32 15.84 15.31 16.48 
718.25 19.28 18.55 20.43 18.15 16.96 18.61 
782.00 21 .37 19.94 22.10 19.59 17.74 19.94 
906.00 24.88 23.45 25.77 22.96 20.20 23.45 
997.00 27.59 25.43 28.60 25.53 21 .98 25.43 
1076.00 30.17 27.53 31 .41 28.06 23.89 29.78 
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Table 83. Cumulative C02 production from soybeans for variety C (including air C02). g. 
Time, h Rep 1 Rep2 Rep 3 Rep4 Rep 5 Rep6 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
37.00 0.95 0.52 0.95 0.75 0.92 1.00 
84.50 1.81 1.45 2.02 1.76 1.92 1.87 
142.00 3.20 3.08 3.70 3.44 3.29 3.38 
205.00 4.52 5.13 6.00 5.54 5.61 5.52 
262.50 6.39 6.62 7.75 7.44 7.57 7.40 
311.50 7.57 8.25 8.73 8.82 8.83 8.81 
358.25 8.96 8.52 9.49 10.35 10.27 10.27 
406.75 10.45 10.90 11 .09 11 .99 11 .72 11 .93 
469.25 11 .84 12.24 12.72 13.68 13.64 13.47 
540.00 13.83 13.80 14.98 15.53 16.25 15.86 
626.00 15.39 15.47 16.70 17.55 18.45 17.98 
718.25 17.46 17.53 18.92 20.04 21 .12 20.57 
782.00 18.75 18.85 20.24 21 .62 22.81 22.30 
906.00 21 .76 22.01 23.37 25.24 27.17 26.29 
997.00 23.98 24.06 26.36 28.11 30.79 29.04 
1076.00 26.22 26.26 27.82 31 .13 34.24 32.40 
Table 84. Hours to reach 0.5 and 1.0%, h 
0.5% Dry Matter Loss 1. 0% Dry Matter Loss 
Rep Variety A Variety 8 Variety C Variety A Variety 8 Variety C 
1 628.2 432.35 735.00 1256.41 864.71 1470.00 
2 639.1 525.00 644.74 1278.26 1050.00 1289.47 
3 393.0 380.83 493.29 786.10 761 .66 986.58 
4 628.2 552.63 399.46 1256.41 1105.26 798.91 
5 483.6 825.84 337.16 967.11 1651 .69 674.31 
6 622.9 525.00 369.35 1245.76 1050.00 738.69 
Average 565.8 540.28 496.50 1131.67 1080.55 992.99 
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Table 85. DML levels at 540 and 997 hours, % 
Rep 
1 
2 
3 
4 
5 
6 
Average 
Variety A 
0.0 
0.1 
0.0 
0.3 
0.0 
0.3 
0.1 
540 h 
Variety B 
0.2 
0.0 
0.0 
0.0 
0.4 
0.6 
0.2 
Variety C 
0.2 
0.6 
0.6 
0.1 
0.0 
0.2 
0.3 
Variety A 
0.0 
0.7 
0.1 
0.3 
0.0 
0.3 
0.2 
997 h 
Variety B 
0.6 
0.6 
0.6 
1.5 
0.5 
0.2 
0.7 
Variety C 
0.8 
0.5 
0.2 
0.4 
1.3 
1.6 
0.8 
Table 86. Linear regression models and r values for C02 evolution for each repl ication 
General model: g C02/kg dm = ct 
Variety A Variety 8 Variety C 
Rep c R c R c R 
1 0.0117 0.91 0.0170 0.96 0.0100 0.98 
2 0.0115 0.95 0.0140 0.98 0.0114 0.98 
3 0.0187 0.96 0.0193 0.96 0.0149 0.98 
4 0.011 7 0.92 0.0133 0.95 0.0184 0.97 
5 0.0152 0.95 0.0089 0.57 0.0218 0.93 
6 0.0118 0.93 0.0140 0.98 0.0199 0.96 
t = time, h. 
Table 87. Quadratic regression models and r values for C02 evolution for each replication 
General model g C02/kg dm = c, t + eit2 
Variety A Variety 8 Variety C 
Rep C1 C2 R C1 C2 R C1 C2 
1 0.0041 1x1Q·S 0.98 0.0095 1x10·5 0.99 0.009 3x10"° 
2 0.0154 -5x1 0"° 0.98 0.0106 5x10"° 0.99 0.0101 2x10"° 
3 0.012 9x10.a 0.98 0.0171 3x1 0"° 0.96 0.0128 3x1 0"° 
4 0.0162 -6x10"° 0.96 0.0071 8x10.a 0.99 0.0125 8x10"° 
5 0.012 9x10.a 0.96 0.0179 -1 X10"5 0.92 0.009 2x10·5 
6 0.0068 7x1 0"° 0.98 0.0113 4x10.a 0.99 0.0111 1x10·5 
t =time, h. 
R 
0.99 
0.98 
0.98 
0.99 
0.99 
0.99 
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Table 88. Linear an quadratic regression models and r values for C02 evolution for each vatiety 
Linear, general model : Quadratic, general model: 
g C02/k~ dm = ct g C02/kg dm = c1t + c2t2 
c R c, C2 R 
Variety A 0.0134 0.86 0.0111 3x10~ 0.86 
Variety 8 0.0144 0.84 0.0123 3x10~ 0.84 
Variety C 0.0162 0.83 0.0107 7x10~ 0.85 
t =time, h. 
Table 89. Oil content values for three varieties at three sampling times, % (13 % me basis) 
Oh 540 h 997 h 
Rep Ii Variety Variety Variety Variety Variety Variety Variety Variety Variety 
catio A 8 c A 8 c A 8 c 
n 
1 18.5 19.0 19.8 18.7 19.1 19.8 
2 18.6 19.0 19.5 18.6 19.0 18.7 
3 18.6 19.2 19.9 18.6 19.0 19.8 18.6 19.1 19.8 
4 19.0 19.0 19.6 18.5 19.1 19.8 
5 18.5 19.1 19.5 18.7 19.0 19.2 
6 18.5 19.1 19.3 18.8 19.0 19.5 
Aver 18.6 19.2 19.9 18.6 19.0 19.6 18.7 19.1 19.5 
Table 810. Protein values for three varieties at three sampling times, % (1 3 %me basis) 
Oh 540 h 997 h 
Replica Variety Variety Variet Variety Variety Variety Variety Variety Variety 
ti on A B yC A B c A B c 
1 33 33.3 32.2 32.7 33.1 32.2 
2 33.1 33.5 32.3 32.8 33.1 32.4 
3 34.3 34.5 33.3 33.3 33.5 32.2 32.8 33.4 31.8 
4 36.6 33.6 32.5 32.7 33.1 32.4 
5 33.6 33.8 32.6 32.6 33.4 32.6 
6 33.1 33.1 33 32.6 33.3 32.4 
Aver 34.3 34.5 33.3 33.8 33.5 32.5 32.7 33.2 32.3 
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Table 811 . DKT values for three varieties at three sampling times, % 
Oh 540 h 997 h 
Replica Variety Variety Variet Variety Variety Variety Variety Variety Variety 
tion A 8 yC A 8 c A 8 c 
1 0.0 0.2 0.2 0.0 0.6 0.8 
2 0.1 0.0 0.6 0.1 0.6 0.5 
3 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.6 0.2 
4 0.3 0.0 0.1 0.3 1.5 0.4 
5 0.0 0.4 0.0 0.0 0.5 1.3 
6 0.3 0.6 0.2 0.3 0.2 1.6 
Aver 0 0 0 0.1 0.2 0.3 0.1 0.7 0.8 
Table 812. Moisture content values for three varieties at three sampling times, % 
Oh 540 h 997 h 
Replica Variety Variety Variet Variety Variety Variety Variety Variety Variety 
tion A 8 ye A 8 c A 8 c 
1 22.0 21 .9 20.1 24.1 24.6 23.1 
2 22.4 21.4 20.4 23.8 23.5 22.9 
3 22.1 22.1 21 .8 22.3 22.5 21.8 24.8 24.7 23.6 
4 21 .0 21.5 22.2 20.0 24.0 24.4 
5 22.6 8.4 22.4 24.9 20.1 25.4 
6 22.4 20.7 22.8 25.3 22.3 25.3 
Aver 22.1 22.1 21 .8 22.1 19.4 21.6 23.8 23.2 24. 1 
Table 81 3. FFA values for three varieties at three sampling times, % 
Oh 540 h 997 h 
Replica Variety Variety Vari et Variety Variety Variety Variety Variety Variety 
ti on A 8 yC A 8 c A 8 c 
1 0.36 0.36 0.41 0.41 0.23 0.39 
2 0.39 0.23 0.36 0.39 0.67 0.97 
3 0.29 0.21 0.16 0.41 0.43 0.43 0.69 0.58 0.86 
4 0.45 0.36 0.39 0.63 0.63 1.34 
5 0.43 0.57 0.45 0.62 0.74 1.65 
6 0.39 0.23 0.64 0.64 0.92 1.76 
Aver 0.29 0.21 0.16 0.41 0.36 0.45 0.56 0.63 1.16 
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